Aims: To quantify retinal vascular change during and after hyperbaric oxygenation (HO) for 665 weekly 90 minute treatments. Methods: Fundus photographs were taken before, during, and after HO at 2.5 atmospheres absolute pressure (ATA) on days 1, 2, 3, 10, 20, 29, and 30 of treatment on three patients using a specially developed hand held ophthalmoscope with a digital colour camera. Blood vessel diameter was estimated on red free retinal images. The mean of three measurements of arterioles and venoles close to the optic disc was calculated. Consistency and repeatability of the method was verified by estimating the diameter of the vessels by three measurements in each of seven images taken within 70 seconds on the same person. Analysis of variance with Bonferroni correction for multiple comparisons was conducted to ascertain whether significant intergroup differences existed. Results: Breathing 100% oxygen at 2.5 ATA constricts retinal arterioles by 9.6% (standard deviation 0.3%) and venoles by 20.6% (SD 0.3%) of their size in air at ambient pressure. Constriction escalates during treatment. Ten minutes after the HO, arterioles dilate to 94.5% (SD 0.3%) and venoles to 89.0% (SD 0.3%) of their primary size. This pattern is the same for each day of measurement. Heart frequency falls continually during HO. Systolic, diastolic, and mean arterial pressures stay constant. Conclusion: Exposure to hyperbaric oxygen causes constriction of the retinal vessels. It is found that this constriction is constant through the series of treatments. This suggests that oxygen or products thereof are responsible for the vascular changes during and after hyperbaric oxygenation probably through autoregulation of the retinal vessels.
T he retina provides the opportunity for non-invasive observation of human microcirculation in vivo. The study of retinal circulation during exposure to hyperbaric oxygen (HO) treatment is important for further understanding of normal physiological changes and also of a number of pathological conditions, both locally in the eye and extending to brain metabolism and brain oedema.
Short term HO has a large influence on the cardiovascular system. Systolic blood pressure increases and diastolic pressure falls. The mean pressure is constant. Peripheral resistance increases by about 30%. Heart frequency and cardiac output fall by approximately 20%. 1 2 Retinal blood vessels constrict when the concentration of inspired oxygen rises. 3 4 After breathing oxygen at 2.36 atmospheres absolute pressure (ATA) for 5 minutes, arterioles constricted by 22.6% 5 and by 42.3% at 2.0 ATA, 3 6 and venoles constricted by 26.9% at 2.36 ATA 5 and by 30% at 2.0 ATA. 3 Constriction is even greater with higher oxygen pressure: when oxygen is inspired at 3.7 ATA for 5 minutes, arterioles constricted by 25.9% and venoles by 32.4%. 5 The retinal venoles develop the same colour as the retinal arterioles, indicating a significant increase in retinal venous blood oxygen saturation: oxygen breathing at 2.36 ATA for 5 minutes increased venous oxygen saturation from 58% to 94% and retinal mean circulation time (t) increased by 53% from 4.5 to 6.9 seconds. 5 If we consider the fact that main circulation time is proportional to the ratio of retinal blood volume to blood flow rate (t = volume/flow), the calculated blood flow decreased to approximately 30% of the control value after 5 minutes on oxygen at 2.36 ATA. 5 Similar results were observed when cerebral blood flow (CBF) was measured: after 30 minutes of O 2 exposure at 3.0 and 4.0 ATA, CBF decreased by 26-39% and 37-43%, respectively. 7 Likewise after 10 minutes exposure to 2.0, 3.5, and 5.0 ATA, CBF decreased 20-25%. 8 It is well known that decreased CBF is correlated with seizures. [8] [9] [10] If we assume that the retinal blood flow changes are similar to changes in CBF, then it might be possible to extrapolate the changes of retinal vessel diameter to predict seizures.
The widespread use of hyperbaric oxygenation raises the issue of describing the long term effects of high pressure oxygen on retinal circulation. The aim of the present study is to examine the effect of oxygen at 2.5 ATA on retinal vessels diameter during 90 minutes treatment and 10 minutes after the treatment during 30 days of HO.
METHODS
The study followed changes of the retinal blood vessel diameter for 6 weeks during daily treatments (Monday to Friday) in a pressure chamber at 2.5 ATA. Each session lasted 90 minutes, where 100% oxygen was inhaled through a Divex facemask. During the treatment electrocardiogram, blood pressure with non-invasive blood pressure measurement and arterial oxygen saturation (SaO 2 ) were monitored. For safety reasons the person taking the pictures inhaled 50%/50% Nitrox (mixture of 50% of air and 50% of oxygen).
Subjects
The current study included one female (VH: 53 years old with perineal necrosis after radio therapy for cancer vaginae) and two male patients (EJ and ER: 54 and 66 years old with osteoradionecrosis after radio therapy for cancer palati duri). None of the subjects used glasses for distant vision. Exclusion criterions were diabetes mellitus, hypertension, lung diseases, and pregnancy.
Photographs
Fundus photographs were taken with a specially developed hand held video ophthalmoscope 11 connected by a C-mount adapter (Coolpix MDC lens 0.82-0.296Nikon) to a digital colour camera (Nikon Coolpix E950) (fig 1) . The camera and the ophthalmoscope were tested to 6.0 ATA. The light source was placed outside the chamber and a fibre light guide mounted through the wall of the chamber. This method of taking fundus photographs is original; it is easy to use and pictures can be taken on acute treated, unconscious patients. The equipment is easily installed in the pressure chamber (fig 1) . The system was tested as described previously 12 with resolution of 8 mm on a retinal target. One picture element (pixel) corresponds to 3 mm on the retina. The limited field of width of the ophthalmoscope of about 5˚required centring the lens on the vessels of interest. For convenience, straight first order vessels on the nasal side of the papilla were selected.
Fundus photographs were taken on days 1, 2, 3, 10, 20, 29, and 30 of treatment. The pupil was dilated with 0.5% tropicamide (Mydriacyl 0.5%) 20 minutes before HO. The first photograph was taken before the treatment (T00). Others were taken after 10 (T10), 20 (T20), 70 (T70), and 80 minutes (T80) of the start of the treatment. The last one was taken 10 minutes after (U10) the end of HO. At each time point three images were recorded and the best image depicting both an arteriole and venole was selected for measurement.
Blood vessels diameter was estimated on retinal colour images by densitometry with a computer program (PC Scion Image, www.scioncorp.com) using the green image channel. A measuring window covering the vessels was used to construct a line plot of the cross sectional intensity profile of each vessel changing from the bright surroundings to a dark minimum inside the vessels (fig 2) . The border of a vessel 13 was defined as the location of 50% intensity change from the bright surroundings to the minimal intensity inside the vessel (fig 2) . Vessel diameter was the distance on the x axis between two border points measured in pixels. Three measurements (about 3-6 days between the measurements) of both arterioles and venoles were used for statistic analysis. Consistency was secured by measuring the distance of the measuring window from the papilla. The repeatability of the method was evaluated by estimating diameter of the vessels in seven retinal images taken within 70 seconds on the same person.
Statistics
The diameter of each vessel was normalised by its control value. Analysis of variance with Bonferroni correction for multiple comparisons (SPSS v 10.0, SPSS Inc, Chicago, IL, USA) was conducted on the data to ascertain whether significant intergroup differences existed (p,0.05 used as limit of significance). Components of variance were vessel type (arteriole and venole), patients (VH, EJ, and ER), day of treatment (D1, D2, D3, D10, D20, D29, and D30), and time (T00, T10, T20, T70, T80, and U10). The results are presented as mean (standard error) of the estimates.
RESULTS
There was no significant difference of the measurements of vascular diameter between the seven control images: between and within images error mean squares were 0.43 and 0.41, respectively (p = 0.41). Thus, the precision of the estimates of vessel diameter is less than 1 pixel.
The variance analysis of the relative vessel diameters is presented in table 1. Breathing of 100% O 2 at 2.5 ATA initiated vasoconstriction of the retinal vessels that escalated during the first 20 minutes of HO treatment (fig 3) . The largest source of variance was the vessel type: after 90 minutes of HO, arterioles constricted 9.6% (0.3%) and venoles 20.6% (0.3%) from the size on air at ambient pressure. The response of the venoles was significantly larger than the arteriolar response (p,0.001). Ten minutes after the end of treatment arterioles had dilated to 94.5% (0.3%) and venoles to 89.0% (0.3%) of their primary size (fig 3) . Estimation of the retinal vessel diameter on red free retinal images by computerised densitometry: a measuring window covering the vessels is used to construct a cross sectional intensity profile. The borders of the vessels denoted by arrows are defined as 50% intensity changes from the bright surroundings to the dark minimum in the vessel centre. Diameter is the distance on the x axis between two border points. Each pixel corresponds to approximately 3 mm on the retina. The border of the papilla is located in the lower left corner.
The variance components of days and patients were much smaller (table 1) but highly significant. The people had different diameters of the same types of vessel (arterioles or venoles) at ambient pressure. There were differences in constriction pattern of the same types of vessel from different people during HO (figs 4 and 5). In all instances the calibre reduction was highly significant statistically (p,0.001). Constriction patterns of the arterioles and venoles from each person were similar for each day of treatment.
Heart frequency fell during HO from the control value of 75 beats per minute. The fall was greatest (16%) between 70-90 minutes closely following the constriction pattern of the vessels. Ten and 30 minutes after HO it had returned to 88% and 96% of the control value, respectively (fig 6) . We did not observe significant variations in systolic, diastolic, or mean arterial pressure from the mean control values of 138 (9) mm Hg, 85 (5) mm Hg, and 98 (5) mm Hg, respectively. Mean SaO 2 was 98 (0.6) % and 100 (0.0) % before and throughout the treatment, respectively.
DISCUSSION
To our knowledge this study is the first to describe retinal vessel diameter during a clinical HO treatment and during a complete series of HO treatments.
In previous studies, [3] [4] [5] [6] during the first 5 minutes of one HO treatment fundus photographs were taken with an ordinary fundus camera. The reduction of the retinal vessel diameter was measured on slides by a low power dissecting microscope with a scale in the ocular. In our study reduction of the retinal vessels diameter was measured on digital fundus photographs taken with a hand held ophthalmoscope during 90 minute daily HO treatments for 6 weeks. The retinal blood vessels diameter revealed a reproducible response to HO.
Automated methods for estimating the diameter of the vessels eliminate some but not all bias made by the observer. To minimise it, the diameter was estimated three times with 3-6 days between the measurements. The observer was blinded as to the time of photography and previous results.
Our new method of taking fundus photographs is both consistent and reproducible. It is sufficient to take just one picture of the retina and be able to estimate the diameter of the vessels. This provides the possibility of investigating unconscious people, where the conventional method using a fundus camera is not possible. There are a few factors that have some influence on the observed results:
1. Retinal vessel diameter changes during the cardiac cycle. 14 The arterial change is expected as a consequence of the pulse wave entering the eye. Diameter reaches the maximum in mid systole and diminishes towards end diastole. The largest difference represents a change of 3.5%. The diameter of a retinal vein is maintained by balance of the outwardly directed intravascular pressure and the opposing intraocular. Intraocular pressure increases 4% in early systole. This results in a passive reduction of the venous diameter. Diameter increases in diastole. The largest difference represents a change of 4.82%.
14 Those changes during heart cycle are small. They probably do not influence observed changes in our study. 2. Vasomotion is the spontaneous cyclical contraction and relaxation exhibited by some small arterioles. Its presence has been shown in the vasculature of the retina. 14 Frequency of vasomotoric movements in retina is unknown. 15 The mean change of the diameter caused by vasomotion for arteries and veins is 3.71% and 2.61%, respectively.
14 Those changes are small compared with the observed changes in our study. 3. Distance between the camera lens and the emmetropic eye barely affect the measured diameter of the vessels in our study: the distance is always almost the same and the size of the images in the camera is constant when parallel waves emit the emmetropic eye. 4. Development of myopia has been observed in previous studies. 1 2 16 Our patients were not refracted but all had normal distant vision and they did not observe any changes during HO.
It would have been desirable to include more people through further study, as significant interaction occurred between people and vessels. For technical reasons the studies were aborted. Notwithstanding, regarding our observation that there is a difference in diameter and constriction pattern of the same types of vessel from different people, the following factors should be considered: (1) Age. The response to oxygen decreases as the age advances. 3 Arteriosclerosis causes decreased vascular reactivity. (2) Sex. There is no evidence that HO affects men and women differently. Therefore this cannot be considered as a source of variation. (3) Health. People in our study were not completely healthy.
The fact that they had no distant metastases contradicts the possibility that the disease influenced their cardiovascular system and our results.
HO provides several stress inducing factors. The temperature in the pressure chamber is increasing during HO. Change in skin temperature has been found to influence autonomic nervous regulation. 17 Peripheral vessels dilate at high temperatures and constrict at low. The cooling system provides a relatively constant temperature inside the chamber (temperature fluctuations within 1-2˚C). This minimises the influence of autonomic regulation. HO increases density in the gas conveyed through the respiratory passages. 1 2 Respiratory resistance is directly proportional to the density of the gas. Resistance increases by the delivery valve and shape of Divex mask. Respiratory resistance increase leads to a secondary increase of heart frequency and variation of circulation. Tests of the mask at 2.5 ATA do not influence respiratory resistance. 18 Increase of density at 1.5 to 2.5 ATA is minimal, N Lund and Kentala 23 have found that endothelin-1 concentration increases by 6% during HO at 2.5 ATA and 18% during hyperbaric (2.5 ATA) air breathing, and by 30% and 34% after the treatments, respectively. This is in contrast to our observations showing the greatest vasoconstriction of the vessels during HO. Therefore influence of endothelin-1 on retinal vessels alone cannot explain the observed vasoconstriction during HO.
Symphatic and parasymphatic innervation of retina is negligible. 15 24 It is generally accepted that the retinal vessels have no innervation beyond the lamina cribrosa. Therefore autoregulation of retinal vessels is thought to be particularly important for maintaining constant flow and oxygen supply, despite changes in perfusion pressure and metabolic needs. Although the retinal circulation has no precapillary sphincters 25 it is under strong local autoregulatory control. 26 The arteriolar end of the retinal capillary bed has a unique cytoarchitecture. The ratio between pericyte and endothelial nuclei is 1:1, 27 which is greater than that in cerebral capillaries. They may be expected to be responsive to local metabolic stimuli like PO 2 , PCO 2 , and pH levels suggesting an autoregulatory process in the region of 75-85% efficiency. 24 The observed changes in vessel diameter during HO are probably a direct response to the interaction between free oxygen radicals and NO, together with activation of the autoregulatory mechanisms. NO and O 2 react rapidly with each other. Therefore vessels constrict significantly after 10 minutes of treatment. The increased NO and sO 2 are used promptly after the treatment. This explains rapid dilatation of the vessels after ending of hyperbaric oxidation.
Poiseuille's law describes the determinants of blood flowing through vessels. 3 The retinal arterioles adjust their diameter and resistance to maintain constant delivery of oxygen. Oxygen content in the arterial blood at atmospheric pressure is about 200 ml/l blood. At 2.5 ATA, it is about 250 ml/l blood due to increased PO 2 , which increases dissolved O 2 in the blood. Maintaining a constant delivery of oxygen, a decrease in flow through a reduction of diameter of the arterioles would be expected. The observed overall reduction of about 10% in the diameter of arterioles in this study corresponds with a 40% fall in flow during HO.
Retinal venous oxygen saturation rises almost to the arterial value during oxygen breathing at atmospheric pressure 1 2 5 despite the severe vasoconstriction. The measured increase in venous saturation 5 and colour changes on our photographs suggests this also occur at 2.5 ATA. The available evidence 1 2 7 28 indicates that oxygen consumption remains constant during HO. Diffusion from the choriocapillaries must then be supplying part of the retina previously supplied by retinal vessels. 5 This suggests that the reduction of flow during HO is greater in retinal vessels than choriocapillaries. It is corroborated by the fact that choriocapillaries lack autoregulation. 15 24 The studies mentioned above describe changes of the arteries. Changes of the vein diameter, governed by La Place's law, are more difficult to interpret. The observed reduction of 21% in the diameter of the venoles does not exclude the presence of the active constriction mechanism, stimulated by the reaction between RES and NO. More likely, it is a result of change in transmural pressure by reduction in intravascular pressure because of decreased blood flow, causing relaxation of the venous wall. Intraocular pressure is constant during HO, 1 2 5 and therefore does not influence the observed results. In conclusion, our results show reversible vasoconstriction of the retinal vessels during 90 minutes of hyperbaric oxygen treatment. This response is unchanged during 30 treatments distributed over six weeks. Extrapolated to the brain, the results may have implications for the safety of hyperbaric treatment. Our method of taking fundus photographs makes the investigation of unconscious patients possible, in whom the conventional method using a fundus camera is not possible.
